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The hexagonal structure of the mesostructured silica nanoparticles (MSN) based solid acid catalyst was synthesized using 1,2-propanediol as a co-solvent by sol-gel method, followed by aluminum grafting and protonation. The activity of the catalysts was tested for cumene conversion in a pulse microcatalytic reactor at 323-573 K. XRD, TEM and N 2 physisorption results confirmed the hexagonal ordered structure with a pore diameter of 3.4-4.0 nm, a particle size of 70-120 nm and a surface area of 588-995 m 2 /g. Solid state NMR and IR results confirmed that the aluminum grafting and protonation form framework and extra-framework aluminums which led to generating strong Brønsted and Lewis acidic sites. High activity in the cumene conversion was only observed on HAlMSN producing propylene, benzene, toluene via a cracking on protonic acid sites and producing a main product of a-methylstyrene via a dehydrogenation on Lewis acidic sites at high reaction temperature. While only a-methylstyrene and higher hydrocarbon (PC 10 ) were produced at low reaction temperature showing the permanent Brønsted acid sites did not involve in the cumene conversion. It is suggested that the presence of hydrogen and strong Lewis acid sites increased the stability and activity of the HAlMSN catalyst in the cumene conversion. Although the small deactivation of HAlMSN was observed during the reaction due to the formation of small coke deposits on the surface, the reactivation recovered the activity of catalyst and the high activity was still observed after 60 h of reaction. The high stability and activity of HAlMSN in the cumene conversion can be considered as a method for the production of a-methylstyrene via a dehydrogenation process. 
Introduction
Mesoporous silica material with a large surface area and pore size diameter has high potential for applications in chemical processes as a catalyst [1] [2] [3] [4] [5] . This material exhibits three-dimensional and two-dimensional structures within an amorphous pore wall but the structure suffers weak stability and activity in the catalysis. MCM-41, MCM-48 and SBA-15 are typical mesoporous silica materials with a large surface area and pore diameter. Recently, extensive research on the development of new mesoporous material has been undertaken [6] [7] [8] . Okubo et al. [9] and Inagaki et al. [10] have explored the development of nano-sized mesostructured silica material. They have succeeded in preparing mesostructured silica nanoparticles (MSN) with an average particle and pore size of 70-100 and 2.54 nm, respectively. Upon its development, MSN was widely applied in drug delivery systems, cancer therapy [11] , inflammatory cardiovascular treatment [12] and had been used as an excellent adsorbent in the environmental protection process [13] [14] [15] .
For application in gas reaction, numerous efforts have been made to improve the hydrothermal stability and enhance the acidity and activity of mesoporous materials as solid acid catalysts [16] [17] [18] [19] [20] . The modification of mesoporous materials by Al, Ga, Ir, W, Mo, Rh and Zr enabled improvements in the concentration of active sites, activity and stability of the mesoporous silica materials [21] [22] [23] [24] [25] . The introduction of mixed metal oxides on the mesoporous material was also found to improve the activity of the catalyst. Li et al. reported that the introduction of WO 3 /ZrO 2 on the mesoporous channels of SBA-15 increased the acidity and activity of the catalyst, though the presence of WO 3 /ZrO 2 decreased the surface area and pore volume of SBA-15 [26] . In particular, the addition of 1 wt% Pt activated the catalyst in n-pentane isomerization with selectivity toward isopentane reaching about 97%. Wang et al. studied the activity of sulfated zirconia (SZ) supported on MCM-41 in n-butane isomerization [27] . They concluded that the activity and stability of the catalyst strongly depended on the number of the sulfur loading, the balanced distribution of the LewisBrønsted acid sites and high dispersion of zirconia [27, 28] .
In contrast, Al loaded on MCM-41 was found to possess a high concentration of both Lewis and Brønsted acidic sites which led to an increase in the activity in cracking and/or the isomerization process [29, 30] . Accordingly, Jana et al. [31] reported the synthesis of Al-MCM-41 with various Si/Al ratios with four different synthesis methods: sol-gel, hydrothermal, template cation exchange and grafting. The results showed that the acidity and catalytic activity in cumene cracking were enhanced with the increasing amount of Al content in the framework of the catalysts. The sol-gel and hydrothermal methods exhibited the highest and lowest activity in cumene cracking, which may be coincidentally due to the highest and lowest acidity of the Al-MCM-41. The Al-MCM-41 showed the highest activity in cumene cracking as compared to SBA-15, HY and ZSM-5 due to its high acidity [32] . In another report, Kao et al. synthesized well-ordered mesoporous MCM-48 via the assembly of dried BEA and ZSM-5 precursors with gemini surfactant [33] . The cubic structure of the products exhibited hydrothermal stability under steam, treated at 800°C for 12 h. The MCM-48 prepared by the ZSM-5 precursor showed higher catalytic activity in cumene cracking than that prepared by the BEA precursor. The ordered hexagonal mesopores of the MCM-41 type are usually prepared via an alkaline media, while the mesoporous SBA-15 is synthesized directly using a tri-block polymer of P123 in aqueous acidic solution. Kumaran et al. studied the effect of various ratios of Si/Al with the range 11.4-78.4 in the acidity and activity of Al-SBA-15 for cumene conversion [34] . They found that the hexagonal mesostructure of Al-SBA-15 was retained after Al loading and the surface area was increased with the increasing Al content [35, 36] . In contrast, Kao et al. reported that post-synthesis Al loading on SBA-15 reduces the surface area due to the collapse of the pore structure by the alkaline media [37] . On the other hand, Yue et al. prepared the Al loaded on SBA-15 with an Si/Al ratio of 10 and 20 by the direct aluminum incorporation method [36] . The application to cumene cracking showed that the catalytic activity increased with the Si/Al ratio, indicating the strong acidic sites' dependence on the reaction.
Along this line, our research group also focused on the development of mesostructured silica nanoparticles (MSN) for acid catalytic reaction due to the excellent properties of large surface area, bigger pore size diameter and, particularly the nano-size particle which offers better properties and activities compared to conventional mesoporous materials. In this report, we have prepared MSN by sol-gel method which resulted MSN with a particle size of 70-120 nm and pore diameter of 3.37-4.00 nm, respectively. The introduction of aluminum, inside and outside the pores, followed by protonation was found to enhance the activity and stability of MSN. The MSN, AlMSN and protonated AlMSN (HAlMSN) have been tested in the cumene catalytic conversion in the presence and absence of molecular hydrogen. The result showed that only HAlMSN was active in cumene conversion. Neither MSN nor aluminum-grafted MSN (AlMSN) exhibited activity in the cumene conversion regardless of the carrier gas. A comparison of the activity and acidic properties of MSN type catalysts, mesporous materials and silica based catalysts is discussed. The roles of protonic and Lewis acidic sites in the producing of a-methylstyrene, propylene, benzene and toluene from cumene are also discussed.
Experimental

Catalyst synthesis
The synthesis of pure-silica MSN support followed the procedure of the previous report [14] . The as-synthesized MSN was prepared as described below. Cetyltrimethylammonium bromide (CTAB, 1.17 g) was dissolved in a solution containing double distilled water (180 g) and 1,2-propanediol (30 ml) in an aqueous ammonia solution (7.2 ml, 25%). After vigorous stirring for approximately 30 min at 323 K, tetraethylorthosilicate (TEOS, 1.43 ml) and 3-aminopropyl triethoxysilane (APTES, 0.263 ml) were added to the mixture. The resulting mixture was stirred for an additional 2 h at 323 K and allowed to rest for 20 h at the same temperature. The sample was collected by centrifugation at 20,000 rpm for 30 min and washed with deionized water and absolute ethanol 3 times. The surfactant was removed by heating MSN (1 g) in an NH 4 NO 3 (0.3 g) and ethanol (40 ml) solution at 333 K. The surfactant-free product was collected by centrifugation and dried at 383 K overnight prior to calcination in air at 823 K for 3 h. The acidic sites of the sample were prepared by aluminum-grafting on the template-free MSN at 353 K for 10 h followed by centrifugation and dried at 383 K overnight prior to calcination in air at 823 K for 3 h. Sodium aluminate (Sigma-Aldrich) was used as a precursor of aluminum. The aluminum-grafted MSN was denoted as AlMSN. Whereas, the protonated AlMSN (HAlMSN) was prepared by protonation of AlMSN (1 g) using aqueous solution of NH 4 NO 3 (2.5 g in 50 ml of double distilled water) at 333 K for 16 h followed by removal of solution, drying at 383 K overnight and calcination at 823 K for 3 h in air. The bulk Si/Al ratio of the HAlMSN was determined by Bruker S4 Explorer X-ray fluorescence spectroscopy (XRF) using Rh as anode target material operated at 20 mA and 50 kV. The analysis showed that the Si/Al ratio of the HAlMSN framework was 18.9.
The morphology and average particle size of the catalyst were estimated from transmission electron microscopy (TEM) images using a JEOL JEM-2100 transmission electron microscope. Prior to the TEM measurements, the powder samples were ground and subjected to ultrasonic treatment in hexane for 10 min. A drop of the suspension was dried on a copper TEM sample grid. A fieldemission scanning electron microscope equipped with an energy dispersion X-ray spectrometer (FESEM-EDX) was conducted on FESEM (JEOL JSM-6701 F) to observe the morphology as well as to obtain the elemental analysis of the sample using. Before observation by FESEM-EDX, the sample was coated by Pt using a sputtering instrument.
Fourier Transform Infra Red (FTIR) measurements were carried out using Agilent Carry 640 FTIR Spectrometer. The catalyst was prepared as a self-supported wafer and activated under H 2 stream (F H2 = 100 ml/min) at 623 K for 3 h, followed by vacuum at 623 K for 1 h [38] . To determine the acidity of the catalysts, the activated samples were exposed to 2 Torr pyridine at 423 K for 30 min, followed by evacuation at 473 K for 1 h to remove physisorbed pyridine on the samples. In order to study the effect of activation temperature, the HAlMSN was activated at four different temperatures of 473, 523, 573 and 623 K. All spectra were recorded at room temperature. In order to compare the surface coverage of the adsorbed species between different wafer thicknesses, all spectra were normalized using the overtone and combination vibrations of the lattice of MSN between 2200 and 1300 cm À1 after activation, particularly the lattice peaks at 1855 cm À1 [39] . While, the concentration of pyridine adsorbed on Brønsted and Lewis acid sites was determined based on the report of Emeis [40] . The number of Brønsted and Lewis acid sites was calculated using the integrated molar adsorption coefficient values. The resulting values were e 1545 = 1.67 cm/lmol for the band at 1545 cm À1 which is characteristic of pyridine on a Brønsted acid sites and e 1455 = 2.22 cm/lmol for the 1455 cm À1 band of pyridine on a Lewis acid sites.
The thermal analysis measurement was carried out by placing of 10 mg catalyst in an alumina crucible without pressing on the Mettler Toledo TGA/DTG 851 apparatus. The measurement was performed under N 2 flow, by increasing the temperature from ambient temperature to 900°C at a heating rate of 10°C/min.
Catalytic activity
Cumene conversion was carried out under atmospheric pressure in a microcatalytic pulse reactor coupled with an online 6090N Agilent FID/TCD Gas Chromatograph equipped with a VZ-7 packed column. About 0.2 g of catalyst was placed in an OD10 mm quartz glass reactor and subjected to air (F Air = 100 ml/ min) stream for 1 h and hydrogen (F H2 = 100 ml/min) stream for 4 h at 623 K [41] . A dose of cumene (36 lmol) was injected over the catalyst at the reaction temperature and the products were trapped at 77 K before flushing out to the gas chromatograph. The intervals between each pulse injection were kept constant at 15 min. In order to observe the appropriate condition of cumene conversion, the reaction was done at temperature range of 323-573 K. While, the effect of activation temperature was observed at 473, 523 and 573 K.
The cumene conversion (X cumene ) and selectivity of the products (S i ) were calculated according to Eqs. (1) and (2), respectively:
where C in , C out and C i are mole number of cumene in the inlet, outlet, and particular compound, respectively, which calculated based on the Scott hydrocarbon calibration standard gas (Air Liquide America Specially Gases LLC). The i is the number of particular carbon. 
Results and discussion
Physical properties of catalysts
The XRD patterns of the MSN and modified MSN samples are shown in Fig. 1 . Three intense peaks at 2h = 2.30°, 4.20°and 4.70°i ndexed as (1 0 0), (1 1 0) and (2 0 0) were observed for these catalysts [42] . The peaks confirmed the presence of a two-dimensional hexagonal (p6mm) structure with d 100 -spacing of approximately 3.8 nm and an average lattice constant (a 0 ) of 4.43 nm ( Table 1) . The presence of a sharp diffraction peak at 2h = 2.30°illustrates the long-range order of the synthesized MSN. For AlMSN, the intense peak at 2h = 2.30°shifted to 2.25°due to the interaction of a silicon atom with aluminum atom to form framework aluminum which led to an increase in the interplanar spacing of the MSN. The shift-left in peak position may also be caused by the presence of a residual sodium atom which interacted with the Si atom through the O atom [43] . The protonation of AlMSN resulted in the decrease in the intensity of all the peaks and shifted the most intense peak at 2h = 2.25°to the original position. These changes may be attributed to the partial alteration of the aluminum framework to form extra-framework aluminum and/or the substitution of the sodium atom with a hydrogen atom to form hydroxyl groups. Table 1 shows the physical properties of the MSN and modified MSN catalysts. The surface area of MSN, AlMSN and HAlMSN are 995, 588 and 639 m 2 g À1 , respectively. Alteration of the BET specific surface area may be caused by the change in the pore size distributions and/or the collapsing of the two-dimensional hexagonal structure of the MSN. The grafting of MSN with sodium aluminate has plugged MSN at a pore diameter of around 2-5 nm (Fig. 2) . However, the protonation of aluminum-grafted MSN removed partially residual sodium and aluminum inside and/or on the mouth of the pores which reopened the pores of the MSN. This result is in good agreement with the alteration of total pore volume, pore size and pore-wall thickness of the MSN obtained from the BJH method analyses ( Table 1 ). The plugging of the MSN decreased the total pore volume from 0.84 to 0.39 cm 3 /g and widened the pore size from 3.37 to 4.00 nm. Whereas, the pore-wall thickness shrank from 1.06 to 0.54 nm due to the widening of the pore size of the MSN. These indicated aluminum and residual sodium placed inside and outside of the pores. Removal of the plug by protonation restored the pore volume, size and wall thickness to almost the original values. Fig. 2 shows the nitrogen adsorption and desorption isotherms and the pore size distribution of MSN, AlMSN and HAlMSN. The MSN catalyst exhibited isotherm can be classified as Type IV with a Type H4 hysteresis loop which can be attributed to the mesoporous structures of the material, Fig. 2A . The isotherm for MSN shows the characteristics of a sharp inflection of the capillary condensation within uniform pores at P/P 0 of around 0.2-0.4 which indicates the existence of MSN small pore diameter and volume [37] . At a higher relative pressure (P/P 0 between 0.8 and 1.0), a notable increase of adsorbed nitrogen was observed, suggesting an important external surface area contribution. At lower relative pressure (P/ P 0 < 0.2), gradual and rounded transitions indicated the presence of a small number of non-slit-like micropores, whereas the pore size distribution confirmed the presence of a narrow peak at a pore diameter of around 2-5 nm, Fig. 2B . The aluminum grafting changed the isotherms and pore distribution of MSN in which the inflection isotherms at <0.4 and >0.8 were eliminated. The narrow peak at 2-5 nm was totally eliminated and a small number of pores at a size of around 5-10 nm was formed. The absence of the hysteresis on Al-grafted on MSN showed that the nitrogen adsorption and desorption are from a non-porous surface material. These results verified that the MSN pores may be partially blocked by aluminum. The protonation of AlMSN recovered the isotherm and pore distribution of the MSN. In addition, the inflection of the isotherm at P/ P 0 of around 0.8-1.0 increased slightly, indicating the presence of extra-framework aluminum which contributed to the external surface area and the inflection at P/P 0 < 0.2 decreased due to the presence of aluminum species inside the microporous MSN.
Similar results were observed on Al loaded on SBA-15 and MCM-41. Kao et al. reported the Al loading of SBA-15 by the post-synthesis method in the Si/Al ratio range of 3-50 [44] . The XRD pattern showed the presence of (1 0 0), (1 1 0), and (2 0 0) diffraction peaks with an ordered hexagonal structure after alumination. The BET results showed a decrease in the surface area from 820 to 620 m 2 g À1 and reduced the pore volume from 1.07 to 0.72 cm 3 g À1 for SBA-15 (Si/Al = 5). In another report, Trong On et al. immobilized Al into an MCM-41 mesoporous framework with an Si/Al ratio of 33 [45] . The X-ray diffraction result exhibited that the ordered hexagonal structure of the parent MCM-41 did not change and showed a d-spacing of ca. 40 and 41 Å for MCM-41 and Al-MCM-41, respectively. Both samples represented narrow pore size distributions of around 28 Å with surface areas of 1050 and 815 m 2 g À1 for MCM-41 and Al-MCM-41, respectively. The morphology of the MSN was observed using FESEM and TEM images. Fig. 3A -C shows the agglomeration of the MSN and modified MSN as fairly uniform spherical particles with particle size of 70-120 nm. The two-dimension hexagonal mesostructure was further confirmed by TEM analysis (Fig. 3D-F) . The TEM images and their diffraction patterns (inset figures) clearly determined well-ordered pores with parallel and cylindrical channels and honeycomb structures, which indicates a 2D hexagonal p6mm mesostructure for all catalysts [45] . These results are in accordance with those measured from the low-angle XRD patterns and N 2 adsorption-desorption analysis. Fig. 4 shows the peaks of 29 Si MAS NMR spectra which the pure MSN showing an intense peak centered at -111.7 ppm, which was assigned to ("SiO) 4 Si. The shoulder peaks centered at À104.2 and À99.9 ppm were assigned to ("SiO) 3 SiA and ("SiO) 2 Si@, respectively [46, 47] . The aluminum grafting and protonation of MSN partially eliminated the peaks corresponding to ("SiO) 3 SiA and slightly intensified the peaks corresponding to ("SiO) 2 Si@. In 27 Al MAS NMR spectra, no peak was observed for pure MSN, while the peak corresponding to 4-coordinated aluminum at approximately 53 ppm was observed for both AlMSN and HAlMSN [30] . This result indicates that the grafting of MSN with sodium aluminate led to the formation of an aluminosilicate framework. The protonation of Al-grafted on MSN resulted in the appearance of a small peak corresponding to 6-coordinated (extra-framework) aluminum at approximately 0 ppm, which showed that a small part of the aluminum dislodged from the aluminosilicate framework [30, 48] . Nevertheless, most of the aluminum species remained in the 4-coordinated (framework) structure, which is promising for catalytic reactions. Chen et al. described the synthesis of Al-MCM-41 by the grafting method in various Si/Al ratios showing two types of Al structure in the MCM-41 frameworks [30] . 27 Al MAS NMR spectra with the signals at 53 and 0 ppm were observed indicating the presence of four-and six-coordinated Al in the Al-MCM-41 framework. Hu et al. reported that the 27 Al MAS NMR spectrum of Al-SBA-15 in the different Si/Al ratios showed a strong single resonance at around 54 ppm, which was ascribed to tetrahedral framework aluminum formed in the mesoporous wall of the materials, and that the octahedral Al structure appeared at around 0 ppm [48] . Fig. 5 shows the FTIR spectroscopy of MSN and modified MSN. The pure MSN have an electrically neutral framework and do not have Brønsted acid sites. Thus, the silanol groups of MSN that appear at the range of 3800-3500 cm À1 in Fig. 5A and B do not show the acidic properties. The sharp band at 3740 cm À1 is assigned to the non-acidic terminal silanol groups ("SiOH) located on the external surface of the parent mesoporous (Fig. 5A) [49] . Another non-acidic OH groups on structural defects and/or vicinal hydroxyl groups were observed at 3550, 3625, 3635 and 3655 cm À1 (Fig. 5B) [39] . The aluminum grafting decreased the H-bonds of the hydroxyl groups on the MSN and simultaneously decreased the intensity of non-acidic hydroxyl groups corresponding to the terminal silanol groups, hydroxyl groups on structural defects and vicinal hydroxyl groups. The decreases may be due to the formation of the aluminosilicate framework and the interaction of residual sodium with the Si atom through the O atom. However, the intensity of the band at 3740 cm À1 increased to almost the original intensity and the new peak at 3745 cm À1 was developed after protonation indicating the formation of geminal silanol groups due to the dislodging of aluminum from the aluminosilicate framework. There are no significant differences in the band intensities in the region of 3740 cm À1 for the pure MSN and HAlMSN samples, which reveals that they have a comparable primary particle size and have no significant differences in the d 100 -spacing or pore diameters [50] . In addition, the protonation of Al-grafted MSN has eliminated small peaks at 3655 and 3635 cm À1 , and developed new peaks at 3605 and 3645 cm À1 corresponding to the bridging silanol groups (Si(OH)Al) and Al 3+ cations in extra-framework Aloxide clusters. The vibrational lattice stretching frequency of these catalysts in the region of 2200-1550 cm À1 are shown in Fig. 5C . The primary bands were observed at 1855 and 1640 cm À1 , which may correspond to the Si atom connected to another 4Si atom through the O atom, and the Si atom connected to another Si and/or an H atom through the O atom. The aluminum grafting and protonation eliminated the vibrational band at 1720 cm À1 and intensified the band 1640 cm
À1
, which may correspond to the decrease in the structural defects and increase in the concentration of the Si atom connected to an aluminum or H atom through the O atom.
Nature and strength of acidity
The nature of the acid sites in the catalysts was qualitatively probed by pyridine adsorption monitored by IR spectroscopy. Fig. 6A shows the IR spectra of the adsorbed pyridine on the activated MSN, AlMSN, HAlMSN catalysts in the region of 1600-1400 cm À1 and Fig. 6B shows the pyridine adsorbed IR spectra of the HAlMSN catalyst activated at different temperatures of 473, 523, 573 and 623 K. Pyridine was adsorbed at 423 K for 30 min, followed by outgassing at 473 K for 1 h. Fig. 6A shows the presence of absorbance bands at 1455-1445 cm À1 attributed to Lewis acid sites and at 1545 cm À1 attributed to Brønsted acid sites, while, the absorbance band at around 1495 cm À1 is related to the combination of Lewis and Brønsted acid sites [49] . The pure MSN possesses only strong Lewis acid sites at 1445 cm À1 which corresponding to the presence of electron pair acceptor sites from SiOH groups. The aluminum grafting slightly increased the Lewis acidity of the MSN due to the presence of relatively weak Lewis acid sites from alkali cations. While the protonation of aluminum-grafted MSN generated strong Brønsted acid sites which may correspond to the formation of acidic MSN-OH groups (OH groups which bound the Si or Al in the framework) [51, 52] and/or bridging hydroxyl (SiO(H)Al) groups. The small shift-left in the peak of the Lewis acid sites at 1445-1455 cm À1 may be related to the alteration of the acidic center from the SiOH groups and/or alkali cations to the stronger Lewis acid sites corresponding to the extra-framework aluminum which may be in the form of Al(OH) 3 and/or Al(OH) 2+ [41, 51] . Fig. 6B shows the effect of activation temperature on the intensity of both Lewis and Brønsted acid sites. The ratio of Lewis to Brønsted acid sites increased with an increase in the activation temperature due to the increase in the dehydration and/or dehydroxylation process and removal of acidic OH groups leaving Lewis acid sites. Fig. 6C 
Cumene conversion
The catalytic activities of MSN and modified MSN were evaluated with respect to the cumene conversion at a temperature range of 323-573 K in a microcatalytic pulse reactor under hydrogen or nitrogen carrier gas. The products were composed of propylene (C 3 ), benzene (C 6 ), toluene (C 7 ), a-methylstyrene (C 9 ) and trace amount of heavy hydrocarbon (PC 10 ). The high activity of cumene conversion over HAlMSN was due to the presence of molecular hydrogen and strong Lewis acid sites in which the strong Lewis acid sites acts as active site for the generation of protonic acid sites from molecular hydrogen. Then, the formed protonic acid sites facilitated the cracking of cumene producing propylene, benzene and small amount of toluene. In addition to the active sites for formation of protonic acid sites, the strong Lewis acid sites enhanced the cumene conversion via a dehydrogenation process producing a-methylstyrene [53] [54] [55] . The dehydrogenation of cumene over Lewis acid sites was predominant in the temperature range of 323-573 K. In a pulse microcatalytic reactor, it is plausible that the equilibrium of cumene conversion to a-methylstyrene shifted for increasing of a-methylstyrene product, leaving the hydrogen which escaped from the reaction phase by column effect. In agreement with this result, Corma et al. reported that the presence of Brønsted acid sites in the cumene cracking was responsible for the formation of carbenium ion which led to form C 3 and C 6 [56] . While the presence of strong Lewis acid sites accelerated the hydride transfer which enhanced the formation of a-methylstyrene (C 9 ). Bradely and Kydd reported a cracking reaction of isopropylbenzene with an alumina supported gallium catalyst for the production of propylene and a-methylstyrene through solid catalyzed dehydrogenation and cracking reactions [53] . Cumene dehydrogenation has also been explored over complex-derived Cr-and Fe-Cr-pillared clays in which the products of benzene and propene was formed at low temperature, and the a-methylstyrene was observed at higher temperatures [55] . Fig. 7 shows the activity of HAlMSN in cumene catalytic conversion in the presence of hydrogen and nitrogen carrier gases. The activity of HAlMSN increased with increase in the reaction temperature in which the extensive increase was observed in the presence of hydrogen (Fig. 7A) . At 523 K, the conversion of cumene reached 55% in the presence of hydrogen which is about two-fold higher than in the presence of nitrogen carrier gas. The high activity may be due to the role of molecular hydrogen as active sites for the reaction and/or the removal of coke deposits by the hydrogenation process assisted by the presence of strong Lewis acid sites [57] . The detail product distribution of cumene conversion under hydrogen and nitrogen carrier gases is listed in Table 3 . At low temperature (<373 K), only a-methylstyrene and higher hydrocarbon (PC 10 ) were observed under both hydrogen and nitrogen carrier gases. The a-methylstyrene showed a higher selectivity than higher hydrocarbon (PC 10 ) showing the cumene conversion may be proceeded via a dehydrogenation followed by a dimerizationcracking process. No lower hydrocarbon (C 3 and C 6 ) products were observed in this temperature range indicating the protonic acid sited and/or the reaction temperature were not enough to initiate the cracking process. It should be noted that the conversion was low at this temperature range, particularly for conversion under the nitrogen carrier gas which showing that the conversion occurred only on the Lewis acid sites. The number of both a-methylstyrene and heavy hydrocarbon decreased with increase in the temperature due to the thermal and/or acid-catalyzed cracking processes were taking place. A wide distribution of products was obviously observed at relatively high temperatures. In general, lower hydrocarbons were formed at a higher temperature reaction and tended to increase with increase in the reaction temperature with a simultaneous decrease in the higher hydrocarbon products.
In the presence of hydrogen, a-methylstyrene and higher hydrocarbon (PC 10 ) markedly decreased at high temperature and the distribution of C 1 and C 6 products increased. Contrarily, in the presence of nitrogen gas, the a-methylstyrene did not change much showing that the dehydrogenation of cumene strongly depends on the Lewis acid sites, but the higher hydrocarbon (PC 10 ) markedly decreased in simultaneous increase of lower hydrocarbon at high temperature indicating the thermal cracking was taking place on the acidic sites.
The alteration of the products distribution caused by the presence of hydrogen and the variations of the reaction temperatures verified the promotion effect of hydrogen in the cumene conversion through a hydrogen spillover phenomena [58, 59] . The role of acidic sites was strongly evidenced by the activity-acidic sites relationship in Fig. 7B . The ratio of the conversion to the concentration of Lewis acid sites did not change much in the temperature range of 473-573 K, while the ratio to the concentration of the permanent Brønsted acid sites markedly altered. This result indicated that the cumene conversion is directly correlated with the concentration of Lewis acid sites in which the Lewis acid sites have important roles in the stabilization of the formed protons and facilitating the dehydrogenation process. Thus, on the basis of the conversion results, the HAlMSN owes its activity primarily to a number of Lewis acid sites. It is also suggested that the presence of permanent Brønsted acid cannot be directly associated with the cumene conversion acitivity over HAlMSN. In fact, the conversion was low for the reaction in the absence of molecular hydrogen. It should be noted too that the alteration of the two-dimensional hexagonal Table 4 . Therefore, it is suggested that the relation between the structure of HAlMSN and its activity is not appreciable to the present study, although certain value of pore size, surface area and crystallinity is necessary to accelerate the reaction or diffusion of the reactant and products. [35, 44, 48, 52] . The results showed that the activity of HAlMSN is comparable or better than other type of solid acid catalysts. The high activity of HAlMSN in the cumene conversion most probably is due to the presence of extra-framework aluminum which generates strong Lewis acid sites and small particle of MSN which provides more interaction between active sites and reactant or hydrogen carrier gas. Fig. 8 shows the stability of HAlMSN in the cumene conversion at 473 and 523 K. The reactions were undertaken for more than 60 h with intervals between each pulse injection kept constant at 15 min. In both conditions, the activity of HAlMSN decreased slightly with the reaction temperature. The activity recovered slightly after the reactivation of the catalyst by heating at 623 K under oxygen stream for 1 h, followed by hydrogen stream for 2 h at 623 K. However, the activity of catalyst and subsequently coke formation is larger at the high temperatures, the results show that the trend of reactivation processes are similar at 473 and 523 K. The conversions of cumene reached 53% and 55% at 473 and 523 K, respectively. However the activity slightly decreased with the reaction time. The catalyst restores its activity after reactivation process and reaches close to the initial activity. It is plausible that the formation of coke and/or the collapsing of the hexagonal structure resulted in the deactivation of HAlMSN. The small slopes of the deactivation processes at 473 and 523 K indicate that HAlMSN is a stable catalyst and low coke deposit and/ or the structure collapsing occur during the hydrocracking reactions. XRD results (not shown) indicated that there is no significant change after the reaction; however, coke deposits were observed on the used HAlMSN as illustrated in Fig. 9 . The strong distinctive band corresponds to the vibration of C@C observed at 1645 cm À1 , which may be related to the presence of olefinic species [60] . In addition, two weak bands observed at 2860 and 2930 cm À1 confirmed the presence of the CAH stretching vibration, which may be related to the aliphatic hydrocarbons.
Stability testing
Thermal gravimetric and differential thermogravimetric analyses of fresh and used HAlMSN are shown in Fig. 10 . Almost similar results were obtained for both catalysts. Thermal gravimetric results showed the mass change below 350°C, while the differential thermogravimetric results showed very weak endothermic peaks centered at 565°C. These results indicated the desorption of hydroxyl groups or/and desorption/decomposition of silanol Table 4 The activity of cumene conversion over MSN, AlMSN, HAlMSN and other type of solid acid catalysts in the presence of hydrogen gas.
Catalyst
Cumene conversion (%) groups on the framework to produce water and/or Si@O À groups [42] . The further heating up to 900°C decreased the mass of both samples gradually. No distinction DTG peak was observed for fresh catalyst indicating there is no phase change was observed in the temperature range of 350-900°C. The mass change in this temperature range may be related to the desorption of hydroxyl groups inside the channel or pore of the sample.
The formation of the small coke on the catalyst is in agreement with the catalytic testing and FTIR results. The activity of the catalyst decreased to some extent after 20 h of the reaction and the activity restore to its original after reactivation or removal of coke. While the used catalyst possessed C@H stretching vibration at 1930 and 2860 cm À1 indicating the presence of coke.
Conclusion
The hexagonal structure of the MSN based solid acid catalyst was prepared by the sol-gel method, followed by aluminum grafting and protonation. The XRD, TEM and N 2 physisorption results confirmed the hexagonal ordered structure with pore diameter of 3.4-4.0 nm and surface area of 588-995 m 2 /g, whereas the solid state NMR and IR results confirmed that the aluminum grafting and protonation form framework and extra-framework aluminums, which led to the generation of strong Brønsted and Lewis acidic sites for which the pyridine probe molecule remained after outgassing at 473 K. HAlMSN in particular possesses extra-framework aluminum, which generates strong Lewis acidic sites centered on Al(OH) 3 and/or Al(OH) 2+ . The catalytic testing was undertaken on cumene conversion under a hydrogen and nitrogen atmosphere. The HAlMSN exhibited high activity in the presence of hydrogen, whereas low activity was observed for MSN and AlMSN regardless of the carrier gas used. This result indicated the indispensability of hydrogen gas and strong Lewis acid sites in the cumene conversion over HAlMSN. A small deactivation was observed during the reaction due to the formation of coke deposits on the surface. The activity was recovered slightly by heating under oxygen and hydrogen at 623 K. It is noteworthy that the high activity of HAlMSN in cumene conversion was still observed after 60 h in the presence of hydrogen.
The conversion of cumene reached 55% at 523 K in the presence of hydrogen, which is more than two-fold higher than in the presence of nitrogen carrier gas. The product distribution showed the predominant products of a-methylstyrene at all reaction temperatures. In a pulse reactor, the conversion of cumene to a-methylstyrene exceeded the equilibrium which releasing hydrogen from the raction system. Whereas, the propylene, benzene and toluene products were observed at a higher reaction temperature. It is plausible that the conversion of cumene proceeds in one of two ways: cracking to propylene, benzene, toluene, and dehydrogenation to a-methylstyrene. The first route was catalyzed by H 2 -originated protonic acid sites via a cracking/dealkylation and the second route was catalyzed by Lewis acid sites via dehydrogenation. On the basis of the conversion results, the HAlMSN owes its activity primarily to a number of Lewis acid sites, and contrarily, the presence of permanent Brønsted acid cannot be directly associated with the cumene conversion activity over HAlMSN. We believe that this new HAlMSN and reaction presented here are useful for studying of numerous hydrocarbon reactions and the consideration as a new method for the production of a-methylstyrene over solid acid catalysts.
